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[57] ABSTRACT 
A semiconductor device comprises an active layer 
formed of a compound semiconductor for allowing 
carriers travel therethrough for exhibiting a function of 
the device, a protection layer including a non-doped 
compound semiconductor layer formed on the active 
layer, a pair of contact holes formed in the protection 
layer to expose the active layer, and an electrode ?lling 
the contact holes and covering the exposed active layer 
and extending on the protection layer. Generation of 
notch can be prevented even upon formation of a 
contact hole in the non-doped compound semiconduc 
tor layer and depositing electrode layer thereon. 

5 Claims, 6 Drawing Sheets 
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FIG.2G 
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METHOD OF MAKING FIELD EFFECT 
COMPOUND SEMICONDUCTOR DEVICE WITH 

EAVES ELECTRODE 

BACKGROUND OF THE INVENTION 

a) Field of the Invention 
The present invention relates to a semiconductor 

device and more particularly to a ?eld effect semicon 
ductor device comprising a compound semiconductor 
hereto-junction. 

b) Description of the Related Art 
A ?eld effect compound semiconductor device 

which is typically represented by a high electron mobil 
ity transistor (HEMT) is a semiconductor device having 
a high quality with a high speed action, and has been 
used for such purposes as microwave communication, 
satellite communication, or the like. Recently, devices 
of high quality, and high reliability have been de 
manded, especially of a high efficiency, and high gain. 
FIG. 4A shows schematically a fundamental con 

struction of a ?eld effect compound semiconductor 
device. An active layer 52 formed of an n-type GaAs is 
formed on an underlying crystal layer 51. The underly 
ing crystal layer 51 is formed by growing, for example, 
a semi-insulating GaAs buffer ?lm on a semi-insulating 
GaAs substrate. 
Two current electrodes 53s and 53d are formed on an 

active layer 52 for allowing a current to ?ow through 
the active layer 52. Each of these current electrodes 53s 
and 53d form an ohmic contact with the active layer 52. 
One of the current electrodes serves as a source elec 
trode 53s and the other serves as a drain electrode. 
A gate electrode 56 is formed at a central position 

between the current electrodes 53s and 53a’ for control 
ling the current between the current electrodes. The 
gate electrode 56 forms a Schottky contact with the 
active layer 52. 

Here, surface of the active layer 52 between the gate 
electrode 56 and the current electrodes 53s and 53d is 
passivated by a laminate of a silicon nitride ?lm 54 and 
a silicon oxide ?lm 55. The insulating laminate also 
plays a role of separating the gate electrode 56 from the 
active layer 52. 

In this con?guration, when a high voltage is applied 
between the gate electrode 56 and the drain electrode 
53d, an electric ?eld is concentrated at an end portion of 
the gate electrode 56, and a leak current is generated. 
The active layer 52 undergoes in?uences by impurity 
scattering, since it is doped with impurity. 
A high electron mobility transistor (HEMT) is consti 

tuted by forming the active layer 52 with a non-doped 
electron traveling layer having a narrow band gap and 
an electron supply layer having a wide band gap and 
doped with an n-type impurity. Electrons within the 
electron supply layer move to the electron traveling 
layer and, thus, can move at a high speed inside a non 
doped crystal having no impurity. Further, a narrow 
quantum well is formed on the electron traveling layer 
side of a hetero-junction at an interface between the 
electron supply layer and the electron traveling layer. 
The electrons more in the quantum well in the form of 
a two-dimensional electron gas. 

Since gate electrode is separated from electron trav 
eling layer, concentration of electric ?eld at the end 
point of the gate electrode is moderated. A similar two 
dimensional electron gas can be provided even in the 
case of doping impurities in the electron traveling layer. 
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2 
A semiconductor device having such a structure also 
has similar electrode con?guration as the metal semi» 
conductor ?eld effect transistor (MESFET) as shown 
in FIG. 4A. In this speci?cation, such semiconductor 
devices are also included in the ?eld effect semiconduc 
tor device. 

In the case of a MESFET, an active layer is a semi 
conductor layer that plays the role of a channel. In the 
case of a HEMT, an active layer is a laminate of an 
electron traveling layer and an electron supply layer. 
For obtaining a high quality and a high reliability for 

a ?eld effect compound semiconductor device, it is 
preferable to moderate a concentration of electric ?eld 
at an end portion of a gate electrode. For a high speed 
action, it is preferable to reduce parasitic capacitance of 
each electrode. A surface depletion layer formed on the 
compound semiconductor crystal surface by such cause 
as an imperfection of crystal, adsorption of metal, oxy 
gen, or the like, will give influence to the inside of the 
crystal. Thus, for providing a stability of action, surface 
of the active layer is preferably covered with a passiv 
ation ?lm. 
FIG. 4B shows schematically a structure of an im 

proved ?eld effect compound semiconductor device. 
An electron traveling layer 60 formed of a non-doped 
GaAs layer or an n-type GaAs layer is grown epitaxi 
ally on an underlying crystal layer 51. An n-type Al 
GaAs layer 61 serving as an electron supply layer and as 
a potential barrier layer is formed epitaxially on the 
electron traveling layer 60. 

Further, a non-doped GaAs layer 62 is grown epitaxi 
ally on the electron supply layer 61 as a passivation 
layer. Surface of an active layer comprising the electron 
traveling layer 60 and the electron supply layer 61 is 
released from in?uences from outside, since it is cov 
ered with a protective layer 62 formed of a non-doped 
GaAs layer. 
On the protection layer 62, is further formed a lami 

nate of a silicon nitride ?lm 54 and a silicon oxide ?lm 
55. The laminate forms an insulating protective layer. 
An aperture is formed through the silicon oxide ?lm 

55 and the silicon nitride ?lm 54. An aperture is also 
formed through the protective layer 62, while aligned 
with the aperture in the silicon oxide ?lm 55 and the 
silicon nitride ?lm 54. The surface of the electron sup 
ply layer is exposed in the thus formed contact hole. 
A gate electrode 56 is formed in such a shape to ?ll 

the contact hole exposing the electron supply layer. The 
gate electrode 56 forms a Schottky contact with the 
electron supply layer 61. 
The insulating protection layers 54 and 55 are also 

removed from both sides of the gate electrode 56. A 
source electrode 53s and a drain electrode 53d are 
formed on a surface of the protection layer 62. The 
source electrode 53s and the drain electrode 53d are 
alloyed and form ohmic contact with the electron sup 
ply layer 61 and the electron traveling layer 62. 
This con?guration moderates concentration of elec 

tric ?eld at the end portion of gate electrode since the 
gate electrode is separated from an electron traveling 
layer 60 by an electron supply layer 61. It further re 
duces a parasitic capacitance between the gate elec 
trode and the ohmic electrodes 53s and 53d since a 
surface of the electron supply layer 61 is covered with 
the protection layer 62 formed of a non-doped GaAs 
layer. The active layer is relieved from in?uences of the 
surface since it is covered with the protection layer 62. 
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However, this structure separates source electrode 
533 and drain electrode 53d from active layer 61 by a 
protection layer 62. Thus, it becomes dif?cult to form a 
good ohmic contact with the active layer. 
FIG. 4C shows a structure that can improve quality 

of ohmic electrodes. In this structure, portions of a 
protection layer 62 underneath a source electrode 53s 
and a drain electrode 53d is removed and the source 
electrode 533 and the drain electrode 530’ directly 
contact an electron supply layer 61. Ohmic characteris 
tic of the source electrode 53s and the drain electrode 
53d is improved by eliminating interposition of a non 
doped semiconductor layer. 
As in the structure shown in FIG. 4B, in?uences of 

the surface are reduced at such surface regions of the 
active region not contacting the electrodes, and being 
covered with a protection layer 62 of non-doped GaAs. 

In the construction as shown in FIG. 4C, ohmic elec 
trodes 53s and 53d are formed as follows. A resist mask 
having apertures at regions for forming ohmic elec 
trodes is formed. Ohmic electrode layers are deposited 
by electron beam (EB) deposition, sputtering, or the 
like. After forming electrode layers, the photo-resist 
?lm is removed by alkaline solution and, simulta 
neously, lift the electrode layers on the photo-resist ?lm 
off. The step of lifting-off will be described in detail. 
First, the resist ?lm is removed by a remover compris 
ing orthodichlorbenzene of 55 wt %, phenol of 25 wt % 
alkylbenzenesulphonic acid of 20 wt % Then after rins 
in g the substrate with water, acid treatment with hydro 
chloric acid/water (HCl/HzO=l/l0), rinse with wa 
ter, acid treatment with hydrofluoric acid/ammonium 
?uoride (HF/NH4F=1/l0), and rinse with water are 
successively performed. 
However, in the solution treatment during lift-off 

step, notches that root into a surface of an active layer 
are formed by a so-called area effect in a shallow slit 
formed between the ohmic electrodes 53s and 53d and 
the protection layer 62. Size of a notch is not uniform 
because non-uniformity within a plane is so large and 
reproducibility of the same size is very low. But when a 
notch 64 is formed, it reduces a current, and thereby, 
operating characteristic of a semiconductor device is 
deteriorated. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a 
semiconductor device which can prevent generation of 
a notch even upon forming a contact hole in a non 
doped compound semiconductor protection layer and 
forming an ohmic electrode in the contact hole. 
Another object of this invention is to provide a 

method of manufacturing a semiconductor device capa 
ble of preventing generation of a notch even upon form 
ing a contact hole in a protection layer and forming an 
ohmic electrode in the contact hole. 
According to one aspect of the present invention, 

there is provided a semiconductor device comprising an 
active layer of a ompound semiconductor for allowing 
carriers to travel therethrough for achieving the func 
tion of an element, a protection layer including a non 
doped compound semiconductor layer formed on the 
active layer, a contact hole formed in the protection 
layer and exposing the active layer, and an ohmic elec 
trode ?lling the contact hole and covering the exposed 
active layer and having a peripheral portion extending 
on the protection layer. 
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4 
A contact hole is formed in the protection layer in 

cluding a non-doped compound semiconductor layer to 
expose an active layer. An electrode is formed to fill the 
contact hole and to extend on an upper surface of the 
protection layer. Since no gap is produced between the 
electrode and the protection layer, no senetration of 
solution occurs during treatment process. Generation of 
a notch is thus prevented. 
A semiconductor device having such a structure is 

preferably formed as follows. After patterning a photo 
resist ?lm to form a resist mask, the resist mask is cured 
or hardened by an ultraviolet ray. Upper surface of the 
photoresist mask is hardened by curing. Side surfaces 
thereof, however, are not so much hardened as the 
upper surface, due to the downward directivity of the 
ultraviolet ray. Following an etch of a protection layer 
for exposing a surface of an active layer, a portion of the 
photo-resist mask is plasma-treated. The plasma-treat~ 
ment removes preferentially the side surface that is not 
hardened so much to, thereby, leave caves of the resist 
?lm hanging over an upper part of the protection layer. 
When an electrode layer is deposited, the electrode that 
embeds the surface of the active layer extends on an 
upper surface portion of the protection layer under 
neath the resist ?lm hanging thereover. Upon lifting off 
the electrode layer on the resist mask by removing the 
resist mask, an electrode extending on a surface of the 
protection layer and not having a gap from the protec 
tion layer is provided. 

Thus, generation of notch in an underlying layer is 
prevented when an embedded type electrode is formed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a sectional view Showing a structure of a 
?eld effect semiconductor device according to an em 
bodiment of the present invention. 
FIGS. 2A to 2G are schematic sectional views for 

illustrating manufacturing steps according to an em 
bodiment of the present invention. 
FIG. 3 is a sectional view showing a structure of a 

?eld effect semiconductor device according to another 
embodiment of the present invention. 
FIGS. 4A to 4C are sectional views showing struc 

tures of a ?eld effect semiconductor device according 
to prior art. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 1 shows schematically a structure of a ?eld 
effect compound semiconductor device according to an 
embodiment of the present invention. On a surface of a 
semi-insulating GaAs substrate 1, a buffer layer 2 is 
formed by growing a non-doped GaAs layer epitaxially 
to a thickness of approximately 300 nm. On the buffer 
layer 2, a non-doped AlxGa1_xAs layer 3 (with x: 0.3) 
is grown to a thickness of approximately 500 nm., and an 
n-type GaAs channel layer 4 doped with Si is grown to 
have a carrier density of approximately 1.O><l016 to 
l.O>< 1018 cm—3 and a thickness of approximately 200 
nm. 

On the channel layer 4, an AlxGa1_xAs layer 5 (where 
x 20.2 to 0.3) is grown to have a carrier density of 
approximately l X 1018 cm-3 and a thickness of approxi 
mately 50 nm. Further thereon, a non-doped GaAs 
layer 6 is grown epitaxially to a thickness of approxi 
mately 200 nm. 
The growth of these epitaxial layers can be per 

formed, for example, by molecular beam epitaxy 
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(MBE). Here, other method such as metal organic 
vapor phase epitaxy (MOVPE) can also be employed. 
An Six Ny layer 7 (hereafter abbreviated as SiN) is 

further deposited on the non-doped GaAs layer 6 to a 
thickness of approximately 50 to 100 nm by plasma 
enhanced chemical vapor deposition (PE-CVD). 
Three contact holes that perforate the SiN layer 7 

and the non-doped GaAs layer 6 therebeneath are 
formed. To a central contact hole, a lower level gate 
electrode 13 formed of a laminate of WSi/T i/ Au (hav 
ing thicknesses of 150 nm/ 8 nm/ 100 nm, respectively) is 
formed by vapor deposition, and an upper level gate 
electrode 14 formed of Au and having a thickness of 
approximately 300 nm is formed thereon by plating. 
On contact holes on both sides of the gate electrode 

13 and 14, ohmic electrodes 12, each formed of a lami 
nate of AuGe ?lm/N i ?lm/ Au ?lm (having thicknesses 
of 35 nm/8 nm/350 nm, respectively), are formed in 
such way that their circumferential portions extend on 
the SiN layer 7. Namely, the circumferential or periph 
eral portions overlap the protection layers 7 and 6. One 
of the ohmic electrodes, 12s is a source electrode and 
the other of the ohmic electrodes, 12d is a drain elec 
trode. 
The source electrode 12s is connected to ground 

potential. Gate electrode 13 and 14 is connected to a 
gate-source bias voltage source Vgs of the negative 
polarity. A drain electrode 12d is connected to a drain 
source bias voltage Vds of the positive polarity. 

In this structure, electrons in the n-type AlGaAs 
layer 5 migrate into the n-type GaAs channel layer 4 
having a narrow band gap, thereby to supply electrons 
thereto. Thus, the n-type AlGaAs layer 5 serves as an 
electron supply layer. The non-doped GaAs layer 6 
covers and protects the surface of the n-type AlGaAs 
layer 5. The SiN layer 7 further covers and protects the 
surface of the non-doped GaAs layer 6. 
An electric ?eld established around the gate elec 

trode applied with a negative potential rejects electrons 
in the channel layer 4, to thereby extend a depletion 
layer. Degree of extension of the depletion layer in the 
channel layer 4 controls current between the source 
electrode 12s and the drain electrode 12d. 

Here, for performing ampli?cation, a signal voltage is 
applied to the gate electrode 14. An output signal is 
taken out of the drain electrode 12d. 
The non-doped AlGaAs layer 3 disposed beneath the 

channel layer 4 forms a potential barrier to carrier elec 
trons because of a wider band gap than the channel 
layer 4. It, thus, plays a role of de?ning a channel width. 

In this structure, the source electrode 12s and the 
drain electrode 12d forming ohmic contacts not only 
contact with the n-type AlGaAs layer 5, but also 
contact on their sides with the non-doped GaAs layer 6 

O 

25 

5 

50 

and further extend on the surface of the SiN layer 7. _ 
Therefore, no gap is generated between the source 
electrode 12s, the drain electrode 12a’ and the non 
doped GaAs layer 6. Generation of notches in such 
process as lift-off step is effectively prevented in this 
way. 

Hereunder, referring to FIGS. 2A to 2G, manufac 
turing steps of an electrode are described. 
FIG. 2A shows a step of epitaxial growth. A non 

doped AlGaAs layer 3, an n-type GaAs channel layer 4, 
an n-type AlGaAs electron supply layer 5, and a non 
doped GaAs protection layer 6 are successively grown 
epitaxially on a buffer layer 2 by MBE. Then, an SiN 

65 

6 
layer 7 is deposited on the surface of the non-doped 
GaAs layer by plasma enhanced CVD. 
Then, as shown in FIG. 2B, a resist mask 8 is formed 

by spin-coating ?rst a resist ?lm of novolak resin on the 
surface of the SiN layer 7 with a thickness of 1.0 to 2.0 
pm, and then performing exposure and development. 
The resist mask has an aperture 9 at each location for 
forming an ohmic electrode. 

Next, as shown in FIG. 2C, an ultraviolet ray having 
a wavelength of approximately 365 nm is radiated on 
the resist mask with a power of approximately 500 W 
for 100 to 200 seconds. Then, baking at a substrate tem 
perature of 200° C. is performed for 300 seconds. Here, 
other high energy beam, for example, X-ray beam, elec 
tron beam, or the like, can be irradiated in place of the 
ultraviolet beam. 

This process of ultraviolet irradiation and baking 
provides flow of the resist mask 8 to some extent and 
curing or hardening of the surface thereof. Cured or 
hardened portions 8a of the resist mask 8 increases ac 
cording to the amount of incident ultraviolet beam. The 
hardened portions 8a, as indicated by broken lines, have 
a uniform thickness at ?at portions, but have a smaller 
thickness at side surfaces in which the amount of irradi 
ated ultraviolet beam decreases. 
As shown in FIG. 2D, after forming a UV-cured 

resist mask 8, the exposed SiN layer 7 and the nondoped 
GaAs layer 6 therebeneath are etched by reactive ion 
etching (RIE). 
RIE is performed by anisotropic etching using paral 

lel plate electrodes. Etching of SiN layer 7 is performed 
by using a gas of carbon ?uoride base as an etchant. 
Etching of non-doped GaAs layer 6 is performed by 
using a mixed gas of chlorine base gas and inert gas as an 
etchant. As a result of RIE, the SiN layer 7 and the 
non-doped GaAs layer 6 are etched while being aligned 
to the shape of the resist mask 8. 

Following the RIE, as shown in FIG. 2E, 02 plasma 
treatment is performed. The treatment is performed 
under the conditions of input power of 200 to 500 W 
and a gas pressure of 0.1 Torr for approximately 10 
minutes. As have been described referring to FIG. 2C, 
the UV-cured surface 8a of the resist mask 8 has a 
smaller thickness at side surface portion of the aperture. 
Thus, the resist ?lm on the side surface portion begins to 
be etched before other part is etched by an 02 plasma 
treatment. 

Accordingly, an overhang or caves 10 is formed at 
the side surface portion of the aperture. The surface of 
the SiN layer 7 is exposed under the overhang portion 
10 of the resist mask. The 02 plasma treatment is 
stopped when a desired overhang is formed. 
As shown in FIG. 2F, vapor deposition of an ohmic 

electrode is performed with the resist mask 8b forming 
the overhang 10. The vapor deposition of an ohmic 
electrode is performed by holding a semiconductor 
substrate on a susceptor capable of planetary motion, 
and using an electron beam (EB) vapor depositing 
source, sputtering source (target), or the like. Deposit 
ing material is incident on the surface uniformly with a 
certain angle on every direction within the plane of 
substrate, since the substrate undergoes planetary mo 
tion. The electrode 12 on the plane of the SiN layer 7 is 
formed also under the caves of the resist ?lm hanging 
over the SiN layer 7 by a slanted incident vapor deposit 
ing beam. Consequently, its thickness decreases gradu 
ally as the distance from the edge becomes greater. 
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Accordingly, the ohmic electrode 12 is formed in a 
shape that covers an exposed surface of the n-type Al 
GaAs layer 5, climbs the side wall, and covers partially 
an upper surface of the SiN layer 7. That is to say, the 
ohmic electrode 12 is formed while self aligning with 
the resist mask 8b, covering all of the bottom and side 
surface of the contact hole, and extending on the upper 
surface of the contact hole. 

Thereafter, the resist mask 8b is removed. The re 
moving step of the resist ?lm is performed by, for exam 
ple, immersing the resist ?lm in alkaline solution, im 
mersing in organic solution, and ultrasonic cleaning or 
jet injection. Or, it is also performed by treatment with 
organic solution, immersing in alkaline solution, and 
immersing in organic solution. 
The surface of the AlGaAs layer is never etched by a 

remover since all the surfaces of the contact hole are 
covered by the ohmic electrode 12. tiere, an electrode 
?lm 12w deposited on a surface of the resist mask 8b is 
lift off with the resist mask. 
FIG. 2G shows a state where the resist mask 8b is 

removed. Here, the ?gures show only a part for form 
ing one ohmic electrode. It will be apparent that a 
source electrode and a drain electrode can be formed by 
the same steps. 

Here, the electrode forming steps are not limited only 
to the forming of ohmic electrodes. A gate electrode 
can be formed by similar steps. Materials of the gate 
electrode are not limited to WSi/Ti/Au but such mate 
rial as Al may also be employed. 
FIG. 3 shows an embodiment wherein all of the 

source electrode, drain electrode, and gate electrode are 
formed by the above-described steps. 
The structure of epitaxial laminate, on a semi-insulat 

ing GaAs substrate 1, of a non-doped AlGaAs buffer 
layer 2, a non-doped AlGaAs layer 3, an n-type GaAs 
channel layer 4 an n-type AlGaAs electron supply layer 
5 is similar to the case as shown in FIG. 1. 
On the surface of the n-type AlGaAs layer 5, a non 

doped GaAs protection layer 6 and an SiN insulating 
layer 7 are laminated. Portions for forming electrodes 
have contact holes. On these contact holes, ohmic elec 
trodes 12s, 12d and a Schottky gate electrode 15, all of 
them extending on the protection layers 6 and 7, are 
formed. tiere, the source electrode 12s and the drain 
electrode 12d can be formed simultaneously. 
According to the abovementioned embodiments, an 

underlying semiconductor layer is not exposed in the 
contact hole during the process of lifting off the elec 
trode metal ?lm. Generation of notch in the liftoff step 
can be prevented. 
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The present invention has been described along the 

preferred embodiments. The present invention is not 
limited to what has been described in embodiments. It 
will be apparent to those skilled in the art that various 
changes, substitutes, combinations and improvements 
can be made within the scope and spirit of the appended 
claims. 

I claim: 
1. A method of manufacturing a semiconductor de 

vice comprising steps of: 
epitaxially growing an active layer of compound 
semiconductor for allowing carriers to travel 
therein, on an underlying crystal body; 

forming a protection layer disposed on said active 
layer and comprising an undoped compound semi 
conductor layer, for protecting a surface of said 
active layer; 

forming a resist ?lm on said protection layer; 
exposing and developing said resist ?lm to form an 

aperture; 
curing a surface of said resist ?lm anisotropically; 
etching said undoped compound semiconductor layer 

anisotropically using said resist ?lm as a mask, 
thereby exposing said active layer; 

subjecting said resist ?lm to oxygen plasma treat 
ment, to partially remove the resist ?lm; 

forming an electrode layer to cover said exposed 
active layer; and 

removing said resist ?lm and lifting off the electrode 
layer formed thereon. 

2. A method of manufacturing a semiconductor de 
vice according to claim 1 wherein said step of forming 
the protection layer comprises epitaxially growing said 
undoped compound semiconductor layer, and forming 
an insulating protection layer thereon, and said step of 
anisotropic etching etches also said insulating protec 
tion layer anisotropically. 

3. A method of manufacturing a semiconductor de 
vice according to claim 2, wherein said curing step 
comprises irradiating ultraviolet beam on said resist ?lm 
from above. 

4. A method of manufacturing a semiconductor de 
vice according to claim 3, wherein said curing step 
further comprises heating said resist ?lm simultaneously 
with said irradiation of ultraviolet beam. 

5. A method of manufacturing a semiconductor de 
vice according to claim 1, wherein said step of forming 
an electrode layer is performed while moving the un 
derlying crystal body in a planetary motion approxi 
mately in a plane of the body. 

* * * * * 


